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I. SUMMARY 
e 
The mixing of a subsonic,  one -cen t ime te r -d i ae t e r  
argon arcjet w i t h  a c o a x i a l  f l o w  of cold helium i n  a 3-inch- 
diameter  d u c t  has  been s t u d i e i  v i s u a l l y  by s c h l i e r e n  photography 
I and q u a n t i t a t i v e l y  with a 0.075-inch-diameter calorimetric 
and sarnplinq probe. Xeasurements of temperature,  v e l o c i t y  
and conpos i t ion  of t h e  mixinq f i e l d  were made f o r  an  i n i t i a l l y  
laminar argon je t  having a m a s s  flow of 0.3 m/sec, an e x i t  
p lane  peak temperature of 20,0OO0R, and an e x i t  p lane  peak 
v e l o c i t y  of 600 ft/sec. The effects of cold coaxial h e l i m  
f l o w  velocit ies of 0, 0.27, and 2.7 ft/sec on je t  mixing 
characterist ics w e r e  s tud ied ,  a s  w e l l  as the  e f f e c t  on t h e  
f l o w  f i e l d  of varyinq the argon je t  f l o w  from 0.2 to  1.4 grains 
per  second a t  a f i x e d  coaxial helium v e l o c i t y  of 0.27 f t / s ec .  
The  data have been correlated w i t h  previous exper i -  
mental  and theoretical i n v e s t i q a t i o n s  for a free argon arcjet 
a t  s imilar  i n i t i a l  condi t ions ,  rnixinq w i t h  s t aqnan t  he l ium 
a t  1 atmosphere. The r e s u l t s  are i n  e x c e l l e n t  aqreement w i t h  
t h i s  earlier work.,, 
ducted c o a x i a l  f l o w  has bean t o  has ten  mixing by causing 
The p r i n c i p a l  e f f e c t  of t h e  c o n t r o l l e d  
earlier t r a n s i t i o n  of t h e  arcjetto turbulence.  The dominant 
mixing process  for both t h e  f r e e  and ducted jets w a s  found 
t o  be t h e  inf low of helium i n t o  the  argon je t ,  t h e  effects 
of r a d i a t i o n  and i o n i z a t i o n  being n e g l i g i b l e .  T h i s  r e s u l t s  
from t h e  hiqh s p e c i f i c  heat ana hiqh d i f f u s i o n  c o e f f i c i e n t  
of helium a t  arcjet  temperatures. I n  cases where turbulence 
i s  p r e s e n t ,  t h e  dominant mixinq process is  st i l l  t h e  
in f low of helium, al thouqh t h e  rate of t h i s  in f low 
- 6 -  
is substantially aucpented by turbulence. 
The experiments with variable argon mass flow showed 
that at increased argon mass flows the rate of mixing of the 
jet is retarded, a phenomenon commonly observed in other types 
of jets. 
The results indicate potential feasibility of the 
coaxial qaseous-core nuclear rocket.' The observed mechanism 
of jet coolinq and mixing, which consists principally of an 
inflow of light helium atoms rather than the dispersion of 
the heavier arqon atoms, is consistent with the requirements 
farretention of gaseous nuclear fuel in this concept. In the 
rocket, however, the coaxial light gas velocity is substantially 
greater than the core velocity, and it is this case which will 
be investigated in future work with the object of determining 
whether the l ight-gas inflow mechanism w i l l  continue to be 
observed under these conditions, 
11. INTRODUCTION 
A. Purpose 
The purpose of this program, as defined in Reference I, 
was "to investigate the mixing and heat transfer characteristics 
of a hot, high-molecular-weight gas jet injected into a bounded 
annular flow of a surroundinq cool, low-molecular-weight gas. 
Of specific interest are the axial pressure distribution, the 
effect of outer-stream turbulence on transition of the inner 
jet, and the effect of heat-release via ion recombination in 
the inner jet." 
I 
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I n  de t a i l ,  aga in  quot ing  from Reference 1, 
"1 0 D a t a  from measurements..are for use  w i t h  an a n a l y s i s  
made a t  NASA Lewis .  
i n j e c t e d  i n t o  an o u t e r ,  room-temperature qas. 
The system i s  b a s i c a l l y  a plasma jet . 
'r 2. The o u t e r  gas  s h a l l  be of l o w  molecular  weight 
(helium) and t h e  plasma of high molecular weight  (argon) .  
3. The l i g h t  gas  s h a l l  be contained wi th in  a channel 
whose diameter is  approximately f i v e  t i m e s  t h a t  of t h e  plasma. 
4 .  The plasma s h a l l  be i n j e c t e d  i n t o  t h e  l i g h t  gas  
a t  v e l o c i t i e s  down t o  t h e  same as t h a t  of t h e  l i g h t  gas, 
as  l i m i t e d  by exper imenta l ly  ob ta inab le  condi t ions .  
5. The r e s u l t s  sha l l  be presented as measured v a l u e s  
of concen t r a t ion ,  temperature,  and v e l o c i t y  taken a t  v a r i o u s  
radial  p o s i t i o n s .  These r a d i a l  p r o f i l e s  s h a l l  be measured 
a t  v a r i o u s  d i s t a n c e s  downstream from t h e  p o i n t  of i n j e c t i o n  
of t h e  inne r  gas. 
6 .  The above measurements s h a l l  be made over a range 
of gas f l o w  rates such t h a t  Reynolds numbers of t h e  inne r  
stream s h a l l  be between 100 and 1,000, and t h e  Reynolds 
numbers of the  o u t e r  stream s h a l l  be between 50 and 10 ,000 ,  
as limited by exper imenta l ly  ob ta inab le  condi t ions."  
B. Background 
Knowledge of t h e  na tu re  of t h e  flow processes  
2 o c c u r r i n q  i n  t h e  coaxial-getmetry gaseous-core nuc lear  r o c k e t  
is  r e q u i r e d  i n  o rde r  t o  properly e v a l u a t e  t h e  f e a s i b i l i t y  of t h i s  
p ropu l s ion  concept.  Although a n a l y t i c a l  models and ana lyses  
- 8 -  
have been formulated for both laminar3 %hd turbulent 4,5 flows, 
The equipment previously developed at Princeton 6,7 
it was necessary to obtain some experimental indication of their 
validity. 
for more qeneralized studies of high-temperature, partly-ionized 
gas  interaction^^'^ appeared to be well suited to this purpose, 
and with comparatively minor additions and modifications, was 
adaptable to the purposes described above. 
111. DESCRIPTION OF TEST PROGRA?.I 
A. Apparatus 
The entire experimental apparatus is diagrammed in 
Figure 1. It consists of a plasma qenerator mounted so as to 
eject a partly-ionized qas jet horizontally into a test chamber, 
the test chamber itself forming part of a 1,000-gallon tank. 
For the purposes of these tests, a series of ducts coulf? be 
mounted which permitted the injection of a coaxial flow of 
cool gas, concentric with the plasma jet axis. Instrumentation 
consisted of a schlieren system for visual studies, a calori- 
metric probe6 and drive systems suitable for pressure0 composi- 
tion and enthalpy mapping of the entire duct interior, and 
miscellaneous instrumentation related to the arc generator and 
duct. Details of each major component are described in the 
ensuinq paragraphs. 
1. Plasma Generator 
The initial visual studies, as originally 
planned, were made with a Plasmaflame Model F-80 Arcjet manu- 
factured by Thermal Dynamics, Inc,, (Figure 2 ) .  This generator 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I : I 
I 
i 
i 
I 
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I 
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I 
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w a s  available a t  Pr ince ton ,  and for t h e  purpose of these tests 
u t i l i z e d  a 3/8"-diameter s t r a igh t -bo re  water-cooled nozz le ,  
whose e x t e r i o r  w a s  t apered  so as t o  provide smooth-entry 
mixing wi th  t h e  annular  l i gh t -gas  flow (Figure 3 ) .  
The t o r c h  w a s  powered by a m a r i n e  diesel gene ra to r  
L d r i v i n g  f o u r  Westinghouse RA-2 r e c t i f i e r s ,  one of which w a s  
provided wi th  remote c u r r e n t  adjustment,  having a t o t a l  DC 
c a p a c i t y  (after power f a c t o r  and lead l o s s e s )  of approximately 
75 kw. A water-cooled, copper-tipped prod w a s  used f o r  
t o r c h  s t a r t i n g ,  and ope ra t ion  w a s  c o n t r o l l e d  from a modified 
Thermal Dynamics console.  The torch ,  nozzle  and l e a d s  w e r e  
cooled wi th  300 p s i  w a t e r  from a Pesco gear  pump. C a l o r i -  
m e t r i c  measurement of t h e  r a t e  of heat e x t r a c t i o n  f r o m  t h e  
t o r c h  by the  coo lan t  w a s  a v a i l a b l e .  
As described b e l o w ,  it w a s  later found v i s u a l l y  
t h a t  t h e  laminar j e t  obta ined  w i t h  t he  Thermal Dynamics torch 
w a s  too u n s t a b l e  for probe p r o f i l e  measurements. A new 
plasma gene ra to r  w a s  procured f o r  use  i n  a complementary 
A i r  Force research program. T h i s  new genera tor ,  (F igure  4 )  
manufactured by Creare, Inc., was adaptab le  t o  the e x i s t i n g  
power supply,  duc t s ,  and test chamber. Its p r i n c i p a l  advantages 
XSTP (a) micrometer adjustment  of radial  and axial  cathode 
a series of t h i n  i n s u l a t e d  segments, one of which could be 
grounded so t h a t  t h e  anode arc c o n t a c t  p o i n t  could be pre- 
s e l e c t e d  and maintained. T h i s  genera tor  provided e x c e l l e n t  
-10- 
laminar s t a b i l i t y  under nea r ly  a l l  o p e r a t i n g  cond i t ions ,  
and was used t o  col lect  t h e  probe t es t  data described l a t e r .  
An adapter  and l i gh t -qas  i n j e c t i o n  p l a t e  
compatible w i t h  t h e  d u c t  were desiqned and i n s t a l l e d  for  
t h i s  qenera tor  (Figure 5) . The i n j e c t i o n  p la te ,which  
covered t h e  e n t i r e  duc t  i n l e t , w a s  uniformly d r i l l e d  w i t h  
small holes t o  provide approximately uniform flow of t h e  
l i q h t  qas . 
The t es t  gases  used w e r e  arqon f o r  t h e  hot  qas and 
helium f o r  t h e  cool gas. 
us ing  n i t rogen  for t h e  cool qas  f o r  reasons  t o  be d i scussed  
l a t e r  . 
Severa l  test  runs  w e r e  also made 
2. Duct and T e s t  Sec t ion  
The t es t  s e c t i o n  c o n s i s t e d  of a rec t anqu la r  p a r a l l e l e -  
piped 18" square  by 3 fee t  long, openinq i n t o  a 1,000-qallon 
commercial g a s o l i n e  tank i n t e r n a l l y  braced for  vacuum o p e r a t i o n  
(see Figure 6 ) .  
windows for  viewing e i ther  t h e  open p lasmaje t  exhaus t  o r  t h e  
duct .  
sides of t he  t e s t  s e c t i o n  endpla te ,  as shown i n  F iqure  6 ,  w i t h  
t h e  d u c t  f u l l y  contained w i t h i n  t h e  t e s t  s e c t i o n .  Two con- 
ven t iona l  mechanical vacuum pumps connected t o  t h e  tank  could 
provide t e s t  s e c t i o n  p res su res  down t o  about  1' Hg absolu te .  
The tank  p res su re  w a s  prevented f r o m  exceeding one atmosphere 
( abso lu te )  by a large f l appe r .  
end of t he  tank ,  oppos i t e  t h e  d u c t  and arcjet, provided 
c a p a b i l i t y  f o r  viewinq t h e  arc  du r ing  ope ra t ion .  
T h e  tes t  s e c t i o n  w a s  equipped wi th  q u a r t z  
The plasma qenera tor  and d u c t  w e r e  mounted on o p p o s i t e  
A t e l e s c o p e  mounted i n  t h e  f a r  
i 
I 
I 
* I  
J l  
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T h r e e  d i f f e r e n t  d u c t s  w e r e  used f o r  t h i s  test 
proqram. A c y l i n d r i c a l  Vycor d u c t  (Figure 7 )  w a s  first 
cons t ruc t ed  to  provide v i s u a l  i n d i c a t i o n  of t h e  na tu re  of 
t h e  jet  mixing region.  Although t h i s  w a s  s u i t a b l e  f o r  direct 
s 
S viewing, t h e  c u r v a t u r e  of t h e  Vycor precluded the  u s e  of 
L s c h l i e r e n  photoqraphy, Consequently, a m e t a l  d u c t  of square  
c ros s - sec t ion  having approximately t he  same dimensions (3") 
and f i t t e d  wi th  f l a t  q u a r t z  windows (F i su re  8 )  w a s  used f o r  
photographic record ing  of t h e  mixing reg ion ,  as w i l l  be 
described i n  Sec t ion  I I I - B .  Cor re l a t ion  between t h e  t w o  
d u c t s  i s  also desc r ibed  later. 
Deta i led  flow-parameter surveys w e r e  made i n  a 
brass calorimetric d u c t  (Figure 9 )  designed to  provide two-  
dimensional coverage of the  e n t i r e  d u c t  i n t e r i o r  by the  
calorimetric probe. T h i s  d u c t  was water-cooled, pe rmi t t i ng  
measurement of t h e  overall h e a t  t r a n s f e r  t o  t he  d u c t  w a l l s .  
'. 3. Ins t rumenta t ion  
The t w o  unique i t e m s  of ins t rumenta t ion  r equ i r ed  
for t h e  s u b j e c t  program w e r e  t h e  s c h l i e r e n  system and t h e  
c a l o r i m e t r i c  probe. Other more or less s tandard  items, 
which included those  necessary f o r  measurements of arcjet  
p o w e r ,  cjza flow rates, tank p res su res ,  etc., are n o t  desc r ibed  
i n  de ta i l  h e r e  . 
(a) Sch l i e ren  System 
i n  o rde r  to es tab l i sh  t h e  gene ra l  n a t u r e  of 
t h e  f l o w  w i t h i n  t h e  d u c t  (i.e., l e n g t h  of laminar core, l o c a t i o n  
of t r a n s i t i o n ,  s t r u c t u r e  and s t a b i l i t y  of  t h e  laminar core flow, 
- 12 - 
etc.) ,  t h e  e x i s t i n q  s c h l i e r e n  system of F igure  1 0  w a s  used, 
t oge the r  w i t h  t h e  f l a t - s i d e d  d u c t  of Fiqure  8 .  The system 
w a s  of s tandard  des ign ,  employing pa rabo l i c  mirrors i n s t e a d  
of l e n s e s  i n  o rde r  t o  q a i n  l i qh t -pa th  l enq th ,  and u t i l i z i n q  
a BH-6 microsecond spark  source wi th  an open-shut ter  camera 
i n  order  t o  o b t a i n  s u f f i c i e n t  i l l umina t ion  t o  provide 
t ransparency of t h e  i n t e n s e l y  luminous arcjet .  
The system w a s  adequate t o  y i e l d  qood s c h l i e r e n  
photoqraphs when t h e  ho t  argon je t  i s sued  i n t o  cold n i t roqen .  
The q u a l i t y  w a s  b a r e l y  adequate,  however, when t h e  j e t  w a s  
cooled by helium, s i n c e  t h e  d e n s i t y  of t h e  ho t  argon was 
s u f f i c i e n t l y  close t o  t h a t  of t h e  c o a x i a l  helium so t h a t  
t h e  d e n s i t y  g r a d i e n t s  w e r e  a t  t h e  l i m i t s  of t h e  systems 
r e s o l u t i o n .  
(b)  Calor imetr ic  Probe 
The calorimetric probe i s  an  ins t rument  which 
measures en tha lpy ,s tagnat ion  p res su re ,  and composition of gases  
a t  temperatures up t o  a t  l eas t  25,000°F. I t  has been used fo r  
some t i m e  i n  a rc je t  d i aqnos i s ,  and s i n c e  it has been desc r ibed  
i n  d e t a i l  e lsewhere 6-10, on ly  i t s  q e n e r a l  n a t u r e  i s  o u t l i n e d  
he re  . 
The probe c o n f i q u r a t i o n  and i t s  associated 
ins t rumenta t ion  are diagrammed i n  F igu res  11 and 1 2 ,  r e s p e c t i v e l y .  
The cons t ruc t ion  of t h e  probe i t s e l f  i s  of copper ,  w i th  a brass 
base. Coolinq water from a hiqh-pressure source  (up t o  1,000 
p s i )  e n t e r s  through the mountinq block,  pas ses  throuqh t h e  o u t e r  
- 13 - 
~ 
I 
t 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
i 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
channel to the tip, and leaves via the inner channel, 
sheathed, ungrounded thermocouple junctions are located 
where the probe coolinq water f l o w  enters and leaves the 
sampling tube. A steady flow of sample gas can be drawn 
by a vacuum pump from the probe tip, through the central 
b 
* .  
1. 
tube past a thermocouple junction located in the tube, and 
then through the support shaft to valving and instrumentation. 
The flow of the hot sample gas in the central tube 
causes the probe coolinq water to rise in temperature a greater 
amount than when the gas sample flow is not permitted to flow 
through the tube. A flowneter measures the probe coolant 
flow and a critical orifice measures the qas flow. These 
measurements are sufficient to compute the enthalpy of the 
gas sample at the point where it enters the probe, 
The composition of the two-component gas sample 
is determined by measuring its thermal conductivity in a 
carefully calibrated commercial cell, and stagnation pressure 
is measured when the qas sample is not flowing by simply 
diverting, through appropriate valving, the gas sample line 
from the vacuum pump to a water manometer. Enthalpy can be 
converted to temperature, once the gas composition is known, 
f r ~ m  an equilibrium theory such as the Saha equation. The 
measured stagnation pressure is converted to velocity using 
the Bernoulli equation, since the gas Mach number is less 
than 0.1. 
The sensitivity and calibration of the probe under 
9 similar experimental conditions have been described elsewhere . 
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I n  previous work, energy and mass balances showed t h a t  t h e  
probe's accuracy (s tandard  dev ia t ion  from t h e  mean) w a s  
about 3 per  cen t .  6 
B. Conduct of  T e s t s  
1. Visual S tud ie s  
The v i s u a l  s t u d i e s  were undertaken wi th  
t h e  dual  o b j e c t i v e  of (a) e s t a b l i s h i n q  t h e  gene ra l  character 
of t h e  j e t  mixinq as a guide t o  t h e  ensuing probe measurements, 
and (b)  e s t a b l i s h i n q  t h a t  t h e  j e t  w a s  s u f f i c i e n t l y  stable and 
uniform t h a t  worthwhile and reproducib le  probe da ta  could 
be obtained.  Findinqs i n  accordance w i t h  t h i s  l a t t e r  o b j e c t i v e  
r e s u l t e d  i n  pos tponingtheprobe  measurements u n t i l  t h e  new 
Creare plasma genera tor  could be i n s t a l l e d ,  as w a s  described 
previously.  The ma jo r i ty  of t h e  v i s u a l  experiments w e r e  made 
with t h e  Thermal Dynamics torch, and al though t h e  flame w a s  
no t  s u f f i c i e n t l y  s teady  f o r  d e t a i l e d  probing, it w a s  s a t i s f a c t o r y  
from t h e  s tandpoin t  of e s t a b l i s h i n g  t h e  gene ra l  n a t u r e  of the 
flow . 
The f i r s t  series of v i s u a l  s t u d i e s  w a s  made 
i n  t h e  round Vycor duc t ,  and d a t a  were obta ined  using both 
helium and n i t roqen  as t h e  coax ia l  gas .  The conduct of t h e  
experiments w a s  gene ra l ly  t he  same f o r  both qases. 
chamber and t h e  1000-gallon exhaust  tank w e r e  evacuated t o  
about 1/5 atmosphere, s i n c e  it w a s  found exper imenta l ly  t h a t  
longer  laminar flames, and t h u s  g r e a t e r  flame lenq th  d i f f e rences ,  
could be obtained a t  redhced pressure .  I t  w a s  be l ieved  t h a t  
t h i s  would no t  i n v a l i d a t e  t h e  v i s u a l  data ,  s i n c e  the  purpose 
The test  
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of t h e  v i s u a l  s tudy  w a s  on ly  t o  establish t r e n d s  t o  be later 
v e r i f i e d  by probe measurements a t  one atmosphere. 
Once t h e  proper  test chamber p res su re  w a s  established, 
t h e  plasma gene ra to r  w a s  started and a d j u s t e d  to  produce as 
long  a laminar flame as poss ib l e .  N o s t  of these tests w e r e  
r u n  w i t h  a n  argon f l o w  of about  1 0 0  SCFH a t  a n e t  plasma 
genera tor  p o w e r  of about 1 9  kw. 
i 
With t h e  arcjet thus  ad jus ted ,  obse rva t ions  w e r e  
m a d e  of t h e  c h a r a c t e r  of t h e  jet  f o r  d i f f e r e n t  c o a x i a l  qas 
v e l o c i t i e s .  The t y p i c a l  observa t ion  procedure w a s  t o  f i r s t  
observe the  flame w i t h  no c o a x i a l  qas f l o w ,  and record  t h e  
f u l l  l eng th  of t h e  laminar  por t ion  of t h e  jet. The  c o a x i a l  
f lowwas then  i n i t i a t e d , a n d  t i e  new l e n q t h  of t h e  laminar 
p o r t i o n  of the  j e t  w a s  observed, toge the r  w i t h  t he  f l o w  rate 
of t h e  c o a x i a l  gas. Observations w e r e  cont inued a t  i n c r e a s i n g l y  
higher  c o a x i a l  f lows u n t i l  t h e  laminar je t  disappeared and 
turbulence  w a s  observed a t  t h e  nozzle  e x i t  plane.  
These v i s u a l  observa t ions  w e r e  made w i t h  t h e  a i d  
of s c h l i e r e n  photography, t o  d e f i n e  as n e a r l y  as p o s s i b l e  
the  e x a c t  l e n q t h  of t h e  laminar je t .P iqure  13 i s  a s c h l i e r e n  
photograph i l l u s t r a t i n g  a t y p i c a l  laminar arc je t  and i ts  
t r a n s i t i o n  t o  turbulence  i n  a free environment. Figure 1 4  
i s  a s c h l i e r e n  photoqraph of laminar and t u r b u l e n t  jets 
t aken  through t h e  windows of t h e  square  three- inch duct .  
Although t h e  q u a l i t y  of these latter photographs is  n o t  as good 
as f o r  t h e  free jet, t h e  d i f f e r e n c e  between laminar and t u r -  
b u l e n t  f lows can be c lear ly  d i s t ingu i shed .  N o t e  from 
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Fiqure  14 t h a t  tu rbulence  can e x i s t  r i q h t  a t  t h e  nozzle  
e x i t  plane . 
A s  stated previous ly ,  s c h l i e r e n  photoqraphs could 
no t  be taken throu7h t h e  round duct .  The photoqraphs taken 
i n  t h e  square d u c t  w e r e  t h e r e f o r e  used t o  confirm t h e  round- 
duc t  v i s u a l  observations.  D a t a  w e r e  taken wi th  both  helium 
and n i t roqen  c o a x i a l  f lows, i n  both round and square  
duc t s ,  and a l s o  wi th  a f r e e  j e t  i n  n i t roqen .  
2 .  Deta i led  Surveys 
The probe measurements w e r e  conducted i n  t h e  
calorimetric d u c t  of Fiqure 9.  Radial  p r o f i l e  measurenents 
w e r e  taken a t  t h e  e x i t  plane a t  quar te r - inch  i n t e r v a l s  t o  
t h e  po in t  a t  which t h e  j e t  had become f u l l y  t u r b u l e n t  and 
f u l l  mixinq of the a rc je t  wi th  t h e  c o a x i a l  qas flow had been 
completed . 
Prof i l e  d a t a  were taken under t h e  fo l lowinq  
i n i t i a l  cond i t ions  f o r  t h e  a q o n  je t :  
Plasma qene ra to r  power 14 kw 
Argon : l a s s  Flow R a t e  0.323 q m / s e c  
* 
Jet  Temperature a t  Nozzle E x i t  20, OOOOR 
* 
I n i t i a l  J e t  Veloc i ty  600 f t / s e c  
Coaxial  Helium Ve loc i ty  0,0.27, and 2.7 f t / s e c  
A second series o f  runs  was taken a t  an a x i a l  
s t a t i o n  1 inch  downstream f r o m  t h e  nozz le  wi th  a c o a x i a l  
. I  
I 
I 
*Typical c e n t e r l i n e  va lues .  
e x a c t  i n i t i a l  condi t ion .  
P ro f i l e  data g iven  l a t e r  provide  
I - 17 - 
helium f l o w  of 0.27 f t / s e c  and a v a r i a b l e  argon f l o w  
between 0.24 and 1.34 gra/sec. 
IV.  DISCUSSION O F  RESULTS 
v i s u a l  s t u d i e s  r 
A. Visua l  S tud ie s  
The q u a n t i t a t i v e  r e s u l t s  of t h  ! 
summarized i n  Figures  15  and 16, i n  which t h e  l eng th  of  t h e  
laminar  j e t  is p l o t t e d  a g a i n s t  Reynolds number and v e l o c i t y ,  
r e s p e c t i v e l y .  The reg ion  of i n t e r e s t  i n  t h e s e  f i g u r e s  w a s  
o r i g i n a l l y  concent ra ted  on axial  l o c a t i o n s  g r e a t e r  than  s i x  
inches ,  because t r a n s i t i o n  t o . t u r b u l e n c e  w a s  n o t  expected t o  
occur much upstream of t h i s  loca t ion ,  and the  calorimetric 
probe, which w a s  used to  diagnose t h e  yet i n  t h e  reg ion  nea r  
t h e  nozz le  exit ,  is a more reliable measurement. T h i s  w a s  
p a r t i c u l a r l y  t r u e  i n  t h e  case of c o a x i a l  helium f l o w ,  s i n c e  
t h e  high luminos i ty  of t h e  first f e w  inches  of t h e  j e t  prec ludes  
p r e c i s e  v i s u a l  observa t ions .  
I t  i s  q u i t e  apparent  from t h e  v i s u a l  r e s u l t s  t h a t  
t h e  laminar  arcjet i s  very  e a s i l y  d i s t u r b e d  by t h e  c o a x i a l  
f l o w ,  w i t h  t he  laminar  j e t  beinq shortened to  less than  s i x  
inches  a t  coaxial velocities of only  one f o o t  per  second. 
Although s o m e  d i s tu rbance  of t h e  jet  by t h e  c o a x i a l  f l o w  had 
been a n t i c i p a t e d ,  it had n o t  been expecteii that such s m a l l  
velocities would be so s i g n i f i c a n t .  T h i s  led t o  closer 
i n v e s t i q a t i o n  of t h e  c o a x i a l  qas character, and it w a s  observed 
t h a t  t he  c o a x i a l  qas w a s  introduced wi th  cons iderable  i n i t i a l  
tu rbulence ,  as shown i n  s c h l i e r e n  photoqraph of F igure  17. 
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The q u a n t i t a t i v e  e f f e c t  of t h i s  i n i t i a l  t u rbu lence  on 
producing t r a n s i t i o n  i n  t h e  laminar  j e t  i s  d i scussed  later 
(Sect ion IV-C) i n  connect ion wi th  r e s u l t s  of t h e  calorimetric 
probe measurements. 
13. Deta i led  Mappinq of Flow F i e l d  
V e r i f i c a t i o n  of  t h e  gene ra l  na tu re  of t h e  v i s u a l  
s tudy  r e s u l t s ,  as  well as q u a n t i t a t i v e  mixinq c h a r a c t e r i s t i c s ,  
w e r e  e s t a b l i s h e d  with t h e  calorimetric probe, cover inq  t h e  
r eg ion  from t h e  nozzle  e x i t  p lane  t o  t h e  downstream p o i n t  
a t  which t h e  i n i t i a l  j e t  had become f u l l y  t u r b u l e n t .  Resu l t s  are 
summarized i n  F iqures  18 throuqh 2 1 ,  which show j e t  c e n t e r l i n e  
va lues  of temperature,  v e l o c i t y ,  composition, and en tha lpy  
r e s p e c t i v e l y ,  and i n  F igures  22  throuqh 2 7 ,  i l l u s t r a t i n g  r a d i a l  
temperature ,  v e l o c i t y ,  and composition p r o f i l e s  a t  v a r i o u s  
a x i a l  s t a t i o n s .  A l s o  shown on c e r t a i n  of t h e s e  f i q u r e s  are 
both t h e o r e t i c a l  and experimental  data  on t h e  mixing of a f r e e  
je t .  (The f r e e  j e t  work w a s  performed under t h e  A i r  Force 
contract  i d e n t i f i e d  previous ly ,  bu t  t h e  r e s u l t s  r e p o r t e d  h e r e  
are h e l p f u l  as an a i d  t o  t h e  understandinq of t h e  d u c t  mixing.) 
From t h e  c e n t e r l i n e  d a t a  of F iqu res  18, 19 and 20, 
it can be seen  t h a t  t h e  r a p i d i t y  of mixinq, as evidenced by 
t h e  rate of decay of t h e  c e n t e r l i n e  v a l u e s  of temperature ,  
v e l o c i t y  and composition, i s  s t r o n q l y  inf luenced  by t h e  v e l o c i t y  
of t h e  coax ia l  gas f low,as  w a s  i n d i c a t e d  by t h e  v i s u a l  s t u d i e s  
d iscussed  above. When t h e  coaxial gas  f l o w w a s  2.7 f t/secl mixing 
w a s  f u l l y  accomplished a t  one inch,  or  about  t h r e e  j e t  d iameters  
downstream. At a v e l o c i t y  of 0.27 ft/sec,complete mixing W a s  
no t  accomplished f o r  t h r e e  inches ,  or e i q h t  diameters downstream. 
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I n  t he  case of no coax ia l  f low i n  t h e  duc t ,  as w e l l  as i n  
t h e  unbounded jet, mixing w a s  still  not  completed six inches  
(about  20 diameters)  downstream. 
I n  the case of t he  f r e e  jet ,  as w e l l  as i n  t h a t  
t f o r  t h e  ducted jet  wi th  no coax ia l  f low (except  for Figure  20, 
which is d iscussed  below), n o t  only d i d  t h e  d a t a  i n d i c a t e  
conf i rmat ion  of  t h e  v i s u a l  observa t ions ,  (i.e., t h a t  t h e  
jets remained laminar i n  t h e  region surveyed by t h e  probe) 
but  t h e r e  w a s  also rather close aqreement wi th  laminar 
mixing theory.  
s t u d i e s  of laminar mixing of a f r e e  arcjet completed r e c e n t l y  
W i t h  t he  free laminar j e t  it w a s  found tha t  t h e  flow of helium 
i n t o  t h e  jet  w a s  t h e  dominant mechanism f o r  je t  coo l ing  and 
mixing, and t h a t  t h e  e f f e c t s  of r a d i a t i o n  and i o n i z a t i o n  w e r e  
These r e s u l t s  are i n  good agreement wi th  
1 0  
neg l ig ib l e .  T h i s  experimental  r e s u l t ,  a ccu ra t e ly  p red ic t ed  
by t h e  laminar mixing theory,  is  a t t r i b u t e d  to  helium's high 
s p e c i f i c  heat and high d i f f u s i o n  c o e f f i c i e n t s  a t  arcjet tempera- 
t u r e s .  T h i s  mechanism w a s  also exper imenta l ly  ind ica t ed  i n  t he  
coaxial s t u d i e s ,  and accounts  f o r  t h e  s i m i l a r i t y  between the  
f r e e  and ducted cases a t  0.27 f t / s e c  coaxial flow i n  t he  laminar 
f low reg ion  w i t h i n  one or t w o  diameters  (1/2 to  1 inch)  of 
the iiGtzle exit plane. 
D i r e c t  similarities i n  t h i s  r eg ion  between t h e  free 
je t  (or t h e  no-coaxial-flow ducted case) and t h e  high-coaxial-  
f low case (2.7 f t jsec) were, on the  o t h e r  hand,not observed, 
obvious ly  because of t he  e a r l y  t r a n s i t i o n  t o  turbulence  ind ica t ed  
by Figures  15, 18, 19 ,  and 20. 
- 2 0  - 
The large difference in helium concentration 
data between the no-coaxial-flow ducted case and the others, 
as shown in Figures20, 22, 23, etc., also has a simple 
explanation. In this case, the equilibrium concentration of 
cold helium in the duct is less than 20 per cent (see 
P 
Figures 22, 23,24) because most of the helium originally present 
is very swiftly swept out with the arqon jet, and the ambient 
conditions are therefore substantially different than for the 
free jet or the higher coaxial-flow ducted cases. On the 
other hand, helium concentration data for the 0.27 ft/sec 
ducted coaxial flow,before turbulence is initiated,were found 
to be essentially similar tothose of the free jet case because 
an ample supply of cold helium was always available at the 
jet boundary. 
Considerable insight into the mechanism of mixing 
is obtained by consideration of enthalpy rather than temperature 
decay. Although the various cases differ widely in terms 
of temperature, velocity and species concentration, a plot 
of centerline enthalpy (Figure 2l)indicates that the basic 
mixing process is the same in all cases. In this figure, it 
is shown that the centerline enthalpy decay coincides closely 
for all coaxial qas flows. Thus it is necessary to conclude 
that radiation and ionization effects are neqligible, since 
reference to Figure 18 shows that at even small distances 
from the nozzle, the jet temperatures differ by many thousands 
of deqrees. For example, at one inch from the nozzle, the 
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temperatures  of t h e  jets which w e r e  s t i l  laminar w e r e  about  
11,00O0R,while t h a t  of  t h e  t u r b u l e n t  jet,  i n  which mixing 
w a s  s u b s t a n t i a l l y  complete, w a s  only l,OOOoR; s t i l l ,  t he  
e n t h a l p i e s  a t  t h e  c e n t e r l i n e  w e r e  nea r ly  equal .  C lea r ly ,  i f  
r a d i a t i o n  and ion  recombination effects w e r e  important  
mechanisms for je t  p o w e r  loss, t h e  higher-temperature jets 
should show l o w e r  e n t h a l p i e s .  Furthermore,if  there w e r e  
s u b s t a n t i a l  d i s p e r s i o n  of t h e  argon jet, the c e n t e r l i n e  
en tha lpy  of t h e  well-mixed case should be s u b s t a n t i a l l y  less. 
* 
The r e s u l t s  of F igure  2 1  t h e r e f o r e  i n d i c a t e  t h a t  
t h e  p r i n c i p a l  mechanism f o r  energy t r a n s f e r  ( j e t  coo l ing )  
i s  t h e  inf low of coaxial helium rather than  e i t h e r  t h e  direct 
loss of  energy (by r a d i a t i o n  or recombination) o r  t he  out f low 
of argon f r o m  t h e  core jet. 
I t  may be concluded t h a t  w h i l e  tu rbulence  (of t h e  
degree p r e s e n t  i n  t h e s e  experiments) s u b s t a n t i a l l y  i n c r e a s e s  
t h e  rate of j e t m i x i n q ,  t h e  e f f e c t  of t h e  turbulence  is to 
aid the  inf low of coaxial helium and n o t  t o  d i s p e r s e  t h e  argon 
jet  i t s e l f .  
C. Effects  of Turbulence 
The ve ry  large e f f e c t  of turbulence  on the  rate 
of m,ixFng= i n  t h a t  an apparent ly  s m a l l  d i s tu rbance  can cause  
t h e  jet to  lose its i n i t i a l l y  laminar c h a r a c t e r i s t i c s ,  is a 
prominent r e s u l t  of t h e  experimental  proqram. 
unfortunately,ur?~erstandinq of t u r b u l e n t  jet  mixing 
and the  factors caus ing  arcjet turbulence,  l i k e  a l l  t u r b u l e n t  
phenomena, s u f f e r s  from t h e  f a c t  t h a t  p r e s e n t  t h e o r i e s  of 
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tu rbulence  are inadequate,  and m o s t  information on turbulence  
i s  empir ica l .  The gene ra l  character of t h e  observed behavior 
i s  c o n s i s t e n t  w i t h  other forms of turbulent-f low experience,  
however, as i s  ind ica t ed  by t h e  sumvary of r e s u l t s  (observed 
from both t h e  v i s u a l  and probe s t u d i e s )  i n  Table  I. I n  t h i s  
t ab le ,  Reynolds numbers more than  one diameter downstream 
are based on t h e  l enq th  of j e t  a t  t h e  p o i n t  of observa t ion  
rather than on t h e  j e t  diameter.  T h e  i n i t i a l  Reynolds number 
(a t  t h e  nozz le  e x i t )  is  based on j e t  diameter, and i s  450 
f o r  a l l  cases. 
Table I shows t h a t  t r a n s i t i o n  t o  t u r b u l e n t  f low 
d i d  no t  occur i n  t h e  f r e e  je t  u n t i l  a Reynolds number of 
10 ,000  was reached, w h i l e  ve ry  s m a l l  d i s tu rbances ,  such  as 
convect ive c u r r e n t s  r e s u l t i n g  from t h e  s imple presence of t h e  
d u c t  or f r o m  ve ry  s m a l l  c o a x i a l  f lows,  caused t r a n s i t i o n  a t  
Reynolds numbers of 4,000 and 3,000 r e s p e c t i v e l y .  
a coaxial f l o w  of only  2.7 feet per second of helium produced 
t r a n s i t i o n i n  less than one j e t  diameter from t h e  e x i t  p lane  a t  
a Reynolds number of only  450.  
* 
Furthermore, 
*The convect ive turbulence  caused simply by t h e  presence of the  
d u c t  w a s  evidenced by v isua l ly-observed  motion of d u s t  p a r t i c l e s ,  
and has  also been observed i n  combustion experiments  where 
t h e  flow cond i t ions  were similar.  11 
. 
- 23 - 
T-LE I 
. 
E f f e c t  of T e s t  Condi t ions on Reynolds N u m b e r  a t  T r a n s i t i o n  
TEST CONDITIONS 
I 
Free jet, 1 atm, 
no coaxial f l o w  
Ducted je t ,  1 atm, 
no c o a x i a l  f low 
APPROXIMATE 
LAHINAR JET 
APPROXI HATE 
REYNOLDS NUE.IBER 
LENGTH, INCHES AT TRANSITION 
18 10,000 
Ducted jet, 1/5 aim, 18 
no coaxial f low 
5 4,000 
Ducted jet, 1 atn, 
0.27 ft/sec 
coaxial H e  
Ducted jet, 1 atm, 
2.7 ft/sec 
coaxial H e  
4,000 
2 3,000 
1/2 450 
I t  should be remarked t h a t  on ly  by basing t h e  Reynolds 
number on a l i n e a r  dimensional q u a n t i t y  can  t r a n s i t i o n  data be 
ob ta ined  which are c o n s i s t e n t  w i t h  t h e  a e n e r a l  ranqe i n  which 
it i s  u s u a l l y  observed. Reynolds nuinbers based on the  j e t  
diameter remained n e a r l y  cons tan t  a t  about  500 f o r  a l l  t ypes  
of f l o w  observed,and therefore a r e  no t  u s e f u l  as a guide  
to t r a n s i t i o n  predictions. 
O n  the basis of the above r e s u l t s ,  it is bel ieved  
t h a t  i n  any p r a c t i c a l  propuls ion device  it would be 
i m p s s i b f e  t o  maintain laminar f l o w  for  ;;Lore than  a few nozzle  
diameters, These dev ices  should  therefore be desiqned to 
o p e r a t e  i n  t h e  t u r b u l e n t  mode. 
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D. Va r i a t ion  of Mass F l o w  i n  C o r e  Jet 
F igures  27 throuqh 2 9  are p r o f i l e s  o f  temperature ,  
v e l o c i t y ,  and composition r e s p e c t i v e l y  a t  one inch  downstream 
f r o m  t h e  nozzle  e x i t  p lane  when t h e  arcron je t  m a s s  f l o w  was 
v a r i e d  from0.24 t o  1,34g/sec whi le  t h e  c o a x i a l  helium f low w a s  
maintained a t  0.27 ft /sec.  I t  can  be concluded f r o m  t h e  
gene ra l  shape of t h e  p r o f i l e s  t h a t  spreadinq and mixing were 
l i t t l e  a f f e c t e d ,  a l though a wide v a r i a t i o n  of mass f l o w  w a s  
experienced. The plasma qene ra to r  e f f i c i e n c y  i s  s i q n i f i c a n t l y  
augmented by increased  mass flows,and t h i s  r e s u l t s  i n  t h e  
h igher  temperatures  and v e l o c i t i e s  observed a t  t h e  h iqh  mass 
f l o w s .  The p lo ts  do not i n d i c a t e  which p r o f i l e s  r e p r e s e n t  
laminar  f lows and which r e p r e s e n t  t u r b u l e n t  f l o w s ,  b u t  based 
on v i s u a l  obse rva t ions  t h e  prof i les  a t  t h e  higher m a s s  f l o w s  
are l i k e l y  t o  be tu rbu len t .  
which must be examined by a d d i t i o n a l  work, t h a t  hiqh mass 
flow rates tend t o  reduce j e t  mixinq over a g iven  d i s t a n c e ,  
even though turbulence  may be p resen t .  T h i s  is, of course ,  
s imi la r  t o  t h e  phenomena observed i n  more f a m i l i a r  t ypes  Of 
je ts .  
It i s  a t e n t a t i v e  conclusion,  
V. CONCLUSIONS 
1. Up to  about  three je t  diameters downstream f r o m  t h e  
nozzle  e x i t  p lane  there is  l i t t l e  d i f f e r e n c e  between the 
experimental  laminar mixinq characteristics of a free je t  
and a bounded jet when t h e  coaxial f l o w  of helium i n  the 
d u c t  is s u f f i c i e n t  t o  provide s i m i l a r  ambient helium con- 
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c e n t r a t i o n s ,  b u t  n o t  so l a r g e  as t o  d i s t u r b  t h e  laminar 
c h a r a c t e r  of t h e  jet. I n  t h i s  reqion a t h e o r e t i c a l  a n a l y s i s  
f o r  a laminar  f r e e  j e t  i s  also a p p l i c a b l e  t o  a similar ducted 
jet. 
I 2 .  Very low velocities of an i n i t i a l l y  t u r b u l e n t  co- 
a x i a l  f low w e r e  s u f f i c i e n t  t o  cause t r a n s i t i o n  i n  an  i n i t i a l l y  
d 
I 
laminar  core jet, and inc reases  i n  c o a x i a l  qas v e l o c i t i e s  
produced earlier t r a n s i t i o n  t o  turbulence.  
3. Mixing of  t he  j e t  w a s  very r a p i d  once turbulence  
w a s  i n i t i a t e d ,  and i n  one case (the h i g h e s t  c o a x i a l  v e l o c i t y  
tested) complete mixing of the jet w a s  accomplished i n  less 
than  three jet  diameters from t h e  nozz le  e x i t .  
4 .  With increased  core-jet mass flow, mixing of t h e  
jet  a t  three diameters downstream w a s  diminished, even thou* 
t h e  je t  may have become turbulen t .  Th i s  is, of course,  s i m i l a r  
t o  t h e  phenomena observed i n  m o r e  familiar types  of jets. 
5. The m o s t  s i g n i f i c a n t  process  i n  t h e  mixinq of e i t h e r  
a free o r  a duc ted  laminar argon arcjet w a s  found to  be the  
f l o w  of helium i n t o  t h e  jet, t he  effects of r a d i a t i o n  and 
i o n i z a t i o n  beinq n e g l i g i b l e .  
hel ium's  hiqh s p e c i f i c  heat and hiqh d i f f u s i o n  c o e f f i c i e n t  a t  
T h i s  behavior r e s u l t s  from 
arcjet temperatures .  
i n  t h e  scale s t u d i e d  i n  t h e  p re sen t  experiments,  w a s  to 
The p r i n c i p a l  effect of tu rbulence ,  
cause  augmentation of the  helium inf low rather than d i s p e r s i o n  
of the jet. 
6 .  zin arcjet Reynolds number based on  l eng th  r a t h e r  
t han  diameter was m o s t  u s e f u l  i n  correlatinq t h e  o n s e t  of 
tu rbulence ,  i n  accordance w i t h  convent iona l  laminar f r e e - j e t  
p r a c t i c e .  
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7.  Owing t o  the d i f f i c u l t y  of ob ta in inq  and main ta in ing  
s table  laminar  jets,  t u r b u l e n t  models should be used i n  t h e  
des ign  of p r a c t i c a l  p ropuls ion  devices. 
8. The r e s u l t s  i n d i c a t e  p o t e n t i a l  f e a s i b i l i t y  o€ t h e  
coaxial flow, gaseous-core nuc lea r  rocket concept,  s i n c e  it 
w a s  found t h a t  t h e  argon arcjet  decayed as a r e s u l t  of inf low 
of cool c o a x i a l  helium rather than  d i s p e r s i o n  of the  arqon 
core, even when t u r b u l e n t  mixing w a s  s i q n i f i c a n t .  Before 
t h i s  conclusion can be a p p l i e d  t o  t h e  c o a x i a l  aaseous-core 
rocket, however, it w i l l  be necessary t o  examine t h e  mixin? 
mechanism f o r  coax ia l  qas v e l o c i t i e s  up t o  one or  more orders 
of maqnitude g r e a t e r  than t h e  core j e t  v e l o c i t y .  T h i s  s tudy  
i s  planned under a subsequent NASA c o n t r a c t .  
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